Abstract-The aim of this paper is to improve voltage quality at the terminals of distributed generators (DGs) in an islanded microgrid. To achieve this goal, it is proposed to include separate voltage and current control loops for the fundamental and harmonics frequencies. This way, it is not necessary to consider additional controllers to provide voltage harmonic compensation.
I. INTRODUCTION
The proliferation of different nonlinear loads in electrical systems has been resulted in voltage harmonic distortion that can cause a variety of problems such as protective relays malfunction, overheating of motors and transformers, and failure of power factor correction capacitors [1] , [2] . Thus, in different standards some limits are recommended for such a voltage harmonics, e.g. IEEE Standard 519-1992 [3] .
In addition to the conventional harmonic compensation tools such as active power filters, distributed generators (DOs) can be applied to provide compensation.
The control approaches presented in [4] - [6] are based on adding control loops dedicated to output voltage harmonics compensation in the DO control system. In fact, these control loops are added to compensate the shortcomings of the inner voltage and current control loops to provide sinusoidal output voltage. These additional control loops will increase the complexity and computational effort of the control system and, if not designed properly, could make the closed-loop system unstable.
In this paper, inner loops that include separate voltage and current control loops at the fundamental and main harmonic frequencies are proposed in order to improve DO unit output voltage quality.
This idea is applied for voltage quality improvement in an islanded microgrid. Recently, the IEEE Standard 1547.4 defines the islanded operation of DOs forming an islanded microgrid, also called preplanned islanded operation [7] . A microgrid can be defined as a low voltage grid that comprises a number of DOs and local loads which can operate in both grid-connected (connected to the main grid) and islanded (isolated from the main grid) modes [8] . The control system of each DO mainly consists of droop controllers to share active and reactive powers among DOs and voltage and current control loops.
II. DO CONTROL STRATEGY
The overall configuration of each DO power stage and control system is illustrated in Fig.l . The power stage consists of a DC prime mover, an inverter and an LCL filter. All the control loops of Fig.l are in conceived in the synchronous reference frame (dq-coordinate s ). Thus, the following well-known park transformations are applied for transforming voltages and currents between abc and dq frames:
where x represents a control variable and OJ is the microgrid operating frequency which produced based on active power droop controller, which will be explained in subsection n.B.
The details of the control system are provided in the following subsections.
A. Power Calculation
In dq (synchronous) reference frame, the injected instantaneous active and reactive power components, p and q, can be calculated as follows [9] : The average active and reactive powers corresponding to the fundamental components are obtained by means of low pass filters as follows:
where We is the filter cut-off frequency which is set to 4n: (rad/s) and is Laplace variable.
B. Active and Reactive Power Control
Considering a DG which is connected to grid through the impedance ZLe, the active and reactive powers injected to the grid by the DG can be expressed as follows [10]:
where E is the amplitude of the inverter output voltage, V is the grid bus voltage amplitude, qJ is the power angle, and Z and e are the magnitude and the phase of the impedance, respectively. Assuming that phase angle of the point of common coupling (PCC) is zero, ¢ will be equal to inverter voltage phase angle.
Assuming mainly inductive electrical systems (Z "" X and 0 "" 90) and considering the fact that ¢ is usually very small, the following approximations can be obtained:
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Therefore, active and reactive powers can be controlJed by the voltage phase angle and amplitude, respectively. According to this, the following droop controllers can be used for active and reactive power sharing [11]: 
where I; q l' V; q l' V dq l , kpv and k/v are reference currents in dq frame, reference voltage in dq frame, measured values of fundamental component voltage in dq frame, voltage proportional coefficient and voltage integral coefficient, respectively. Another PI controller is used to control I; q l which is indicated in Fig. 1 as current PI controlJer. The folJowing equation can be written for fundamental frequency current control:
In order to provide proper control of output voltage harmonics, it is proposed in this paper to consider separate current and voltage PI controllers for 5th and 7th harmonics (main harmonics). The measured output voltage should be transformed to synchronous reference frame, by using -5m' and 7m'as the rotation speeds for 5th and 7th harmonics extraction. Thus, we can have the harmonic voltages of 5th and 7th order, respectively. As shown in Fig. 1 , in order to compensate these harmonics, similar PI voltage and current controllers are used, with this difference that the harmonic voltage references are set to zero. The equations for 5th harmonic voltage and current set control are as follows: transformed to abc frame to respectively generate V �;r ' V �;; and V �;; which are added together to provide the reference voltage for the PWM block.
Ill. SIMULATION RESULTS Fig. 2 shows a two-DO islanded microgrid used as a test system for the simulation tests. The control system and power stage parameters are listed in Tables I and II, respectively. As seen in Fig. 2 , a linear load (star-connected, with load impedance ZL =25+jO.628 Q) and a nonlinear load (a diode rectifier which supplies a constant-power resistive load, PNL =1 OOOW) are considered. As can be seen in Table  II , the distribution lines of the DOs are selected with 2: 1 ratio in order to simulate an asymmetrical microgrid.
In the simulation studies, two paralleled DO units are supplying the linear load from the beginning. Then, a nonlinear load is connected to the system at t =3sec. In these simulations only voltage and current controlJers of fundamental frequency are acting. The controllers for 5 th and 7th harmonic frequencies starts acting from t =5sec.
Figs. 3 and 4 show three-phase voltages of DO 1 and 002, respectively. As can be seen in Figs. 3(a) and 4(a) , before connection of nonlinear load at t=3sec, fundamental frequency voltage and current controllers are able to maintain a good output voltage quality. As can be seen in Time(s) (c) after harmonic controllers activation compensation
9
As can be seen in Figs. 3(b) , 4(b) and 5, addition of nonlinear load at t=3sec makes DGs output voltage noticeably distorted. However, active and reactive power well-sharing is maintained as shown in Fig. 6 .
As mentioned before, current and voltage controller for 5 th and 7 th harmonic frequencies starts acting from t=5sec. As demonstrated in Figs. 3(c) , 4(c) and 5, the voltage harmonic distortions of both DGs are improved noticeably as a result of harmonic loops activation. Furthermore, active and reactive powers are still shared, properly as can be observed in Fig. 6 .
It should be noted that in this paper, harmonic loops are activated at the last simulation step to demonstrate the proposed controller effectiveness. However, in practice harmonic loops are activated from the beginning; thus, the transient behavior seen in Figs. 5 and 6 can be avoided. Time(s)
In order to provide more details, DGs output currents are depicted in Fig. 7 . As can be seen, the load current (fundamental as well as harmonic components) is properly shared between DGs at different simulation steps. 
Time(s) 
IV. CONCLUSIONS
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A control structure is proposed for voltage and current loops of DG units in order to improve voltage quality in an islanded microgrid. The main paper contribution is including separate voltage and current control loops for the main harmonic orders, here 5 th and i h harmonics, to mitigate DG output voltage harmonic distortion. Simulation results shows that by applying the proposed control approach, the voltage quality can be improved noticeably; IEEE Catalog Number: CFP121IJ-ART 364 ISBN: 978-1-4673-0113-8/12/$31.00 ©2012 IEEE while, active and reactive powers are shared properly among the microgrid DGs.
